Abstract-Gastrointestinal motility is coordinated by slow waves (SWs) generated by the interstitial cells of Cajal (ICC). Experimental studies have shown that SWs spontaneously activate at different intrinsic frequencies in isolated tissue, whereas in intact tissues they are entrained to a single frequency. Gastric pacing has been used in an attempt to improve motility in disorders such as gastroparesis by modulating entrainment, but the optimal methods of pacing are currently unknown. Computational models can aid in the interpretation of complex in vivo recordings and help to determine optimal pacing strategies. However, previous computational models of SW entrainment are limited to the intrinsic pacing frequency as the primary determinant of the conduction velocity, and are not able to accurately represent the effects of external stimuli and electrical anisotropies. In this paper, we present a novel computationally efficient method for modeling SW propagation through the ICC network while accounting for conductivity parameters and fiber orientations. The method successfully reproduced experimental recordings of entrainment following gastric transection and the effects of gastric pacing on SW activity. It provides a reliable new tool for investigating gastric electrophysiology in normal and diseased states, and to guide and focus future experimental studies.
INTRODUCTION
Slow wave (SW) activity underpins phasic contractions in much of the gastrointestinal tract (GI) tract. SWs are generated and actively propagated by networks of interstitial cells of Cajal (ICC), which in turn activate the adjacent smooth muscle cells (SMCs). 27 Isolated ICC excite at unique intrinsic frequencies with a declining gradient along the aboral direction of the stomach. 12, 14 However, in the intact tissue, ICC are entrained to the single highest frequency in their syncytium, which is a key factor in coordinated motility in the GI tract. 27 Recent studies have shown that degradation of ICC are associated with GI motility disorders such as gastroparesis and slow transit constipation. 13, 27 Gastric pacing can extrinsically entrain and control ICC frequencies, and has been applied in an attempt to improve motility and symptoms associated with gastroparesis and other motility disorders. 19, 20 However, determining the most efficient pacing parameters such as stimulus location, amplitude, width and frequency currently typically depends on extensive trial-and-error experiments in animal models; this is inefficient and costly. 4 Mathematical models offer a virtual medium in which realistic physiological parameters can be tested in silico, thus presenting an attractive strategy for investigating responses of SW to stimulation, prior to more focused experimental studies. 4 The effects of gastric pacing on a virtual tissue framework have been studied previously. 11 However, earlier studies were limited to a predefined ICC membrane potential trace to represent ICC electrical activity, controlled by an underlying automata algorithm which determined if the surrounding cells were active or at rest. The method was effective for predicting the entrainment induced as a result of an external stimulus, but it lacked a realistic biophysical basis and could not enable predictive physiological studies.
Entrainment has been previously modeled using the biophysically based Corrias and Buist (CB) ICC model 6 in two different studies. 2, 10 In the study of Du et al., 10 an existing voltage-dependent IP3 pathway from Imtiaz et al. 16 was incorporated to enable entrainment. Depolarization of a neighboring ICC evoked changes in the membrane potential, in response to which intracellular Ca 2+ was released, thereby entraining the SW activity of one ICC to other surrounding ICC. In another study by Buist et al., 2 the pacemaker unit was modified with an additional current from voltage-dependent dihydropyridine-resistant calcium channels and a Ca 2+ extrusion current to maintain homeostasis. Adding a voltage-dependent pathway for modulating [Ca 2+ ] i in the PMU to the original ICC CB model enabled entrainment of the pacemaker mechanism. In both cases, the conduction velocity was primarily dependent on the IP3 parameter which changed the intrinsic pacing frequency and the activation time; and to a lesser degree was dependent on the tissue conductivity parameters. Hence, both studies were unable to incorporate the effects of anisotropic tissue conductivities and propagation patterns in the tissue-level electrophysiology. This is an important limitation, because anisotropic conduction is now known to be a key feature of SW conduction, especially during dysrhythmias. 24 Additionally, these models were not able to realistically simulate the effects of external stimuli.
In this study, we present a new method for modeling SW propagation with a biophysically based reaction term, which was then applied to experimental studies for investigating entrainment, and the effects of gastric pacing on entrainment. The new model has the potential for investigating gastric pacing protocols and the effects of tissue parameters such as anisotropic conductivities along different fiber directions, ICC network-function relationships and the effects of pharmacological agents on SW activity.
MATERIALS AND METHODS

Entrainment Mapping in Gastric Pacing and Gastric Transection
Initial parameters to guide the model were based on experimental data from the following experimental studies.
High-resolution experimental recordings of SW entrainment during gastric pacing were demonstrated by O'Grady et al. 23 These recordings were obtained using flexible printed-circuit board arrays 9 (8 9 24 electrodes; spacing 7.62 mm; dimensions approx. 6 9 18 cm 2 ) placed on a serosa of the anterior gastric corpus of a weaner pig model. Pacing was achieved using bipoloar electrodes implanted into the stomach musculature with the stimulus applied extracellularly in the gastric corpus, and connected to a DS8000 multichannel stimulator (World Precision Instruments, Sarasota, FL).
Hinder et al. 14 described the acute effects of surgical transection on human gastric electrical activity. The electrical activity was recorded with sparse arrangements of electrodes before and after transection. The electrical activity before transection indicated a consistent frequency potential propagating aborally. However, electrical activity after transection was found to operate at 3 cpm around the corpus region and 1 cpm in the antrum.
Finite-State Machine (FSM) Approach
Ca
2+ dynamics play a crucial role in the ICC pacemaking mechanism as inhibition of Ca 2+ release and SERCA Ca 2+ uptake has been shown to inhibit SWs in mice and guinea-pigs. 15, 28, 30 Voltage-dependent Ca 2+ dynamics were developed using a two-state approach where the SW of a gastric cell model, i.e., the ICC CB model, was modeled containing two states: active and passive (FSM-CB ICC model) as illustrated in Fig. 1 . ] i detector variable (DC), the time for which the cell was in the passive period (non-refractory period or NRP) and the start time which changes the cell from initial state to the active state (startTime). The state transition diagram is summarized in Fig. 2 . The intrinsic frequency is given by (1) . Here refractory period (RP) is the active period duration which solely depends on the biophysical cell model description and IP3 which is known to regulate the SW frequency. ] i and this has been widely accepted as a key signal for the ICC pacemaking mechanism. 18 Additionally, in the ICC CB model IP3 dependent Ca 2+ dynamics plays a critical role in controlling the width of the plateau phase. 6 Thus, in the present study, a change in [Ca 2+ ] i determines the transition from the active to passive state and was prescribed to occur at the point when d½Ca 2þ i dt ¼ 0, indicating a halt in the Ca 2+ cycling process.
Electrical Equivalent of FSM Approach
The total current flow through the cell membrane, I m ; is given by
where C m is the cell membrane capacitance and I ion is the sum of currents P I x n through different ionic channels. The electrical behavior of the FSM based approach is summarized in Fig. 3 , where the output from the FSM controls either the inclusion or exclusion of the cell membrane active components using a switch S1. When the FSM output is active, the cell active processes are included representing active state or otherwise excludes the active components allowing the cell membrane to behave passively.
Solution Process of Tissue Electrophysiology
A continuum modeling approach is widely used in the gastrointestinal field to quantify tissue electrophysiology. 4 These models are typically semi-implicit in time, where the linear diffusion terms are modeled implicitly and the reaction terms explicitly. Using this approach, V m is obtained from the solution of PDE and then applied to reaction terms. The reaction terms are solved using an appropriate ODE solver such as the forward-Euler method. In our simulations the solutions were computed using CHASTE modeling software. 21 Following this approach, our solution process was modified as:
(1) Diffusion terms were evaluated for the next transmembrane potential V m with the evaluated transmembrane ionic current I ion : The next state of the cell model was identified based on the state transition diagram as shown in Fig. 2 . If the next state was passive, then step 2 was evaluated; or if the next state was active, then step 3 was evaluated. (2) The ionic processes were made virtually inactive while passively conducting the diffused potential V m . This was implemented by: ; conductivity, r = 0.04 mS cm 21 and V th = 2 55 mV. These parameters were chosen to closely match gastric SW propagation velocities observed in human corpus, i.e., 3 mm s
21
. The geometry was a 128 mm long 1-D model comprised of finite elements with node resolution of 1 mm. Based on the stomach transection study of Hinder et al.,
14 a linear gradient of intrinsic frequency ranging from 3 to 1 cpm was set using the parameter NRP. Two models representing normal and uncoupled stomach activity were simulated, with all cells corresponding to FSM-CB ICC model. In the normal simulation, all the cells were electrically coupled together, while in the uncoupled simulation the stomach was divided into three equal segments by reducing the conductivity values between the segments to 0.01 nS cm 21 .
Gastric Pacing Induced Entrainment Mapping Study Model
Initially, we studied the effect of external pacing on entrainment using the 1-D model (''Stomach Transection Study Model'' section). SWs were simulated until steady state was attained. Following steady state, a periodic stimulus pulse of 5 ms duration and amplitude 1,2000 lA cm 23 was applied at frequency 3.75 pulses per minute to the bottom node to analyze its effect on native SW activity. The tissue was paced using the point stimulus option available in CHASTE, i.e., extracellularly with a return electrode in the intracellular space. 25 We extended our simulations to a two-dimension highresolution mapping framework previously applied in porcine gastric pacing trials (''Entrainment Mapping in Gastric Pacing and Gastric Transection'' section). 23 In our simulation setup, the stomach region covered by the electrode array was represented using a finite element triangular mesh with a total of 1,1041 nodes and, additionally surrounded by a virtual volume conducting bath of thickness 1 cm to extend the extracellular space and FIGURE 3. Electrical circuit equivalent for FSM based gastric cell behavior that represents the current across the cell membrane. The switch S1 is controlled by the FSM which is turned on or off depending on whether the output of FSM is active or passive respectively.
realistically represent the experimental set-up. The average inter-nodal spacing was 1 mm. The novel FSM-CB ICC model was again used as a description of the cell activity at each solution point. Based on the experimental recording, a bidomain model was developed with parameters chosen to represent the experimental recordings of normal antegrade SW propagation.
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). This chosen stimulus raised the transmembrane potential to V th = 255 mV.
RESULTS
Comparison of FSM-CB ICC Model vs. Original ICC CB Model
A monodomain model with tissue parameters as detailed in ''Stomach Transection Study Model'' section was used for analyzing the implications of FSM based approach on the stablity of ICC response. The response of a single cell of the newly developed FSM-CB ICC model was compared to that of the original ICC model by performing two simulations; the first having all nodes corresponding to the original ICC CB model, and the second having the membrane responses corresponding to the novel FSM-CB ICC model. Diffusion terms were solved with a time step of 0.1 ms and the reaction component was solved using a forward-Euler method, also with a time step of 0.1 ms.
The sum of ionic currents (for a single node) for both FSM-CB ICC model and default CB ICC model is shown in Fig. 4a . In the corresponding V m trace (Fig. 4c) , there was a~1 mV (<2% of net depolarization amplitude) downstroke before the onset of primary component amplitude. Furthermore, the V m trace showed a sharp peak in the primary component amplitude. Additionally, the change in the ionic current trace for ICC CB model was gradual, whereas it was rapid in the FSM based approach (compare Figs. 4a and 4b) .
However, the morphology of the waveform with the two important components, i.e., primary component amplitude and a plateau phase, were retained.
During the passive state, the external stimulus current was able to drive the FSM based cell to active state. In contrast, during the active state the external current did not have any effects on the cell activity as shown in Fig. 4c . Likewise, an external stimulus had no significant effect on ICC CB model (Fig. 4d) .
Finally, a simulation was performed for 420 s to analyze the stability of the FSM-CB ICC model. A train of stimulus currents (amplitude 1,2000 lA cm
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; pulse width 5 ms; frequency 4 cpm for total duration of 170 s) was applied at 140 s (Fig. 4e) . Simulation results showed that the ICC initially excited at its intrinsic frequency of 3 cpm until 140 s, after which the ICC excited at 4 cpm for 165 s. After stimulation ceased, activity returned back to its intrinsic frequency of 3 cpm (Fig. 4e) .
Analysis Based on Experimental Observations Effect of Uncoupled Block of Tissue on Entrainment
Traces were sampled from cells at 8 mm intervals along the 128 mm geometry for both normal and uncoupled model as shown in Fig. 5 . The normal simulation resulted in all the cells being entrained to the highest intrinsic frequency of 3 cpm. In the uncoupled simulation each virtually isolated segment was entrained to the highest intrinsic frequency in that particular segment. The isolated entrained frequencies were 3, 2.4 and 1.7 cpm respectively.
Effects of Gastric Pacing on Normal SW Propagation
Traces were sampled from cells at 8 mm intervals along the 128 mm line of tissue. Simulations were run until steady state where all cells were entrained to 3 cpm, corresponding to the highest intrinsic frequency. External pacing resulted in a progressive entrainment of SWs over the entire field at 3.75 cpm (equivalent to the pacing frequency) as seen in Fig. 6 .
The experimental and the corresponding simulated activation maps for the 2D normal antegrade activation, gradual entrainment of the mapped field over successive cycles of pacing, and complete entrainment are shown in Fig. 7 . The simulated SW activity was in agreement with the experimental recordings in terms of the velocities, propagation pattern and entrainment pattern. In both virtual and experimental cases, SWs propagated antegrade with matching conduction velocities. The propagation velocity in the circular direction was~9 mm s 21 ; compared to~5 mm s
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longitudinally which was comparable with experimental observations. SW activation maps were generated as shown in Fig. 7b . The entire field was entrained in 180 s after the onset of stimulus pacing. The pacing entrainment gain was uniform in the retrograde direction while clashing against the natural antegrade SWs as shown in Fig. 7b .
Computational Performance
The efficiency gain in the computational performance of the FSM based approach was significant as the solution process during the passive state does not require solving the system of ODEs. We used a monodomain model with 51 solution points corresponding to either FSM-CB ICC model or the original ICC CB model. Since the computational time depends on the number of active phases and passive phases, all the nodes were implemented to excite at the same time so as to have equal number of passive and active phases.
The relative computational performance was found to not only depend on the type of cell model but also at which frequency the simulation was performed. The average computational time required for solving the ODEs for 120 s of simulation time with the ICC intrinsic frequency of 3 cpm was recorded using the internal CHASTE profiler. These were obtained as 75.0 ± 1.1 s (n = 5) and 119.4 ± 1.3 s (n = 5) for FSM-CB ICC and ICC CB respectively on an Intel Ò Core TM i5 processor 2410 M machine, which implied the default CB ICC model was 59% more expensive compared to the novel FSM-CB ICC model. Further, computational performance for simulations with a low intrinsic frequency of 2 cpm were also compared. The performance for ICC CB model with intrinsic frequency of 2 cpm was comparable with that of intrinsic frequency of 3 cpm which was found to be 120.5 ± 1.1 s (n = 5). However, this time the computational performance for FSM-CB ICC model was 51.4 ± 0.3 s (n = 5), implying the ICC CB model was 134% more expensive compared to FSM-CB ICC model.
DISCUSSION
This study presents a new computational method for analyzing gastric SW entrainment and the effects of gastric pacing on SW activity by applying a biophysically based ICC CB cell. This method successfully simulated the effects of external stimuli, entrainment by a higher frequency external pacing stimulus and finally captured the effects of anisotropic conduction on SW propagation, showing good agreement with experimental recordings. The model was tested for baseline drift over time, and was assessed for its behavior before/after a series of external stimuli. The model was stable and returned to its natural intrinsic frequency once pacing was suspended. Furthermore, there was no significant effect on the underlying mechanics of cellular electrical behavior in the native cell model with the FSM modification, and major gains in computational efficiency were evident.
Three significant advances in GI mathematical modeling have been achieved in establishing this modeling framework. Firstly, an ICC entrainment model, where the SW propagation depends on the electrical parameters of tissue (fiber direction and conductivities), was successfully developed with a biophysically based cell model. The ICC CB model was chosen for this study as it was successfully applied to reproduce the ICC ionic mechanisms and responds predictively to real physiological parameters such as voltage and electrolyte concentrations. Until now, GI simulations had conduction velocity and SW propagation dynamics in part determined by the underlying intrinsic frequency distribution. Now, realistic biophysically based multiscale simulations over complex gastric tissue structures can be achieved. Secondly, this study was the first to accurately model the effects of gastric pacing on entrainment using a biophysically based cell model. Effects of gastric pacing were validated against high-resolution mapping experimental data. This model will enable the effects of pacing to be predicted with consideration of anistropic tissue properties, which are critical for the initiation and maintenance of dysrhythmic patterns, particularly in humans. 22, 24 Finally, the computational performance analysis indicated an efficient solution process with the bottleneck limited to the spatial solution points in the active duration. The time spent during the active state was the same as that of the original ICC CB model for each time step without using the FSM based approach. Furthermore, the methods were successfully applied to the monodomain and bidomain frameworks and can be readily extended to the extended-bidomain framework. 3 The ICC pacemaking mechanism is thought to be dependent on Ca 2+ entry through a voltage-dependent mechanism. 28 The method presented here modulates the Ca 2+ dynamics by activating them in the active state and disabling them while transiting to the passive state. The pacemaking mechanism and its biophysical dependence do not change with this modification. The active phase of the gastric cell model solely depends on its native ionic mechanisms. Any gastric cell model with a biophysical active response can be included as a reaction term in this model framework. The method promises a new direction where researchers can now concentrate on the ionic mechanisms involved in the refractory phase of gastric ICC cell activity. Accordingly, the effects of ion channel pathologies can also be implemented into this framework as their details are revealed, and pharmaceutical agents for targeting normal and abnormal channel properties can also be evaluated in silico prior to experimental applications. 26 The impact of the FSM approach on the CB model were detailed in ''Comparison of FSM-CB ICC model vs. original ICC CB model'' section. This showed a small change in the potential morphology when compared with the original CB model. There was a downstroke of~1 mV before the depolarization stroke, and a more distinguishable primary amplitude compared to the plateau phase. It should be noted that, at the macroscopic scale relevant to the application of this model and while considering the variability in the morphology of SW recordings, the simulated SW was consistent with experimental observations, 15 and remains dependent on the biophysical basis of the underlying cell model. This would be largely avoided if the refractory phase alone of cell behavior was modeled while ignoring the nonrefractory period. Furthermore, this would potentially also elicit a significant performance improvement. A detailed analysis of the individual ionic currents indicated that reinitializing the state variable affects most of the ionic channels in the FSM-CB ICC model. The Na + ion current (I Na ) analysis showed an increased rate of influx of ions (0 to~12 pA cm
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) flowing through the Na + channels when compared with ICC CB model (~6 to~10 pA cm
) and can be reasoned from the observation that in the ICC CB model, there was an active sodium current (~6 pA cm 23 ) during the nonrefractory phase, whereas in our FSM-CB ICC model the I Na current was inactive (0 A) during that period (refer Appendix), which agrees better with experimental studies. 1 The sharp distinguishable primary component and the plateau phase can then be attributed to an increased rate of change of I Na current when the state changes from passive state to active.
The effects of external pacing on SW activity were simulated on an ICC network, whereas the experimental recordings were obtained from tissue containing both ICC and SMCs. The effect of this coupling has been evaluated by simultaneous intracellular recordings of SW activity in SMC and ICC which showed that SWs originate in ICC and conduct to SMC. 8 However, the coupling between ICC and SMC occurs without draining excessive current, such that ongoing entrainment in the ICC networks would be affected. 7 This model can be used to develop new therapeutic approaches for motility disorders and obesity. In obesity, gastric pacing has been used to disrupt normal antegrade SW activity by inducing retrograde events, thereby slowing motility and inducing satiety. 29 However, current progress has been limited by the need to increase efficiency in pacing protocols and optimize pacing sites. The cell model presented here provides an ideal platform for rapidly achieving such investigations without the need for exhaustive animal trials.
It should be noted that there is limited experimental data to inform the choice of simulation parameters. For example, an outstanding question is: what is the stimulus current or voltage required to just excite and initiate the pacemaking mechanism? In this study, the tissue electrical parameters were chosen to replicate the conduction velocity observed in experimental studies. 23 A limitation in this model is uncertainty over the effects of current inputs from the neighboring cells on the ionic channels during the passive period. The model incorporates the effects of external current by accumulating the charge across the cell membrane while increasing the V m until V th . However, it remains an open biophysical question as to the ion channels being affected by the external currents.
In conclusion, we have presented a model framework that provides a major advance over previously published models. This framework, with further incorporation of anatomical and smooth muscle model physiology, 5 will potentially be an important tool for analyzing gastric electrophysiology in normal and diseased states. 
APPENDIX B
The following plots show the comparison of different ionic channel currents describing the ICC cell behaviour for FSM-CB model and ICC-CB model.
